A novel pullulanase-amylase complex enzyme, which hydrolyzes pullulan into maltotriose as well as starch into maltose and maltotriose as the main products, was found in the culture filtrate of a strain of Bacillus subtilis newly isolated from soil. The enzymewas purified to almost complete homogeneity by means of calcium phosphate gel adsorption, DEAE-Sepharose column chromatography and Bio-gel A-1.5 m filtration. The optimum pH of the pullulanase activity was observed at around 7.0 to 7.5, with a discernible shoulder around pH 5.0. While the optimum pH of the amylase activity was 6~7. The optimumtemperatures of the pullulanase and amylase activities were about 60°C and about 50°C, respectively. The molecular weight was estimated to be about 450,000 by the gel filtration method. The enzyme could be used for the production of glucose from starch with glucoamylase and the production of a new type of syrup containing a relatively high amount of maltotriose, 50~55%, from starch.
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As enzymes which hydrolyze a-1, 6-glucosidic linkages, pullulanase,1} isoamylase,2'3) Renzyme,4) amylo-1, 6-glucosidase5) and others are known. These enzymes are collectively referred to as a-l,6-glucosidases or more commonly as debranching enzymes.
Pullulanase is an enzyme which hydrolyzes the a-l,6-glucosidic linkages in pullulan to produce maltotriose as the final product. This enzyme also hydrolyzes the branched linkages (a-l,6-glucosidic linkages) in amylopection to form amylose-like substances. However, the enzyme is incapable of hydrolyzing the a-1,4-glucosidic linkages in pullulan and amylopectin.
A debranching enzyme such as pullulanase or isoamylase is used in combination with /?-amylase to obtain high yield of maltose from starch.6) Such an enzymeis also effect for the production of glucose from starch with glucoamylase.7~9) However, for this purpose, it is necessary that the enzymecan work effectively at temperatures of55°to 60°C and at pH 4 to 5. As a suitable debranching enzyme for these conditions, a pullulanase from Bacillus acidopulluliticus has been reported.9)
The author found a novel pullulanase-like enzyme in a strain of Bacillus subtilis isolated from soil. This paper describes the isolation and identification of Bacillus subtilis TU, and the application of the new debranching enzyme from the strain.
MATERIALS AND METHODS
Microorganismused. The microorganism used in this study was isolated from soil in Chiba prefecture. 2.5x10"6m, CaCl2 1 x10"3m, ZnSO4 1 x 10"4m, FeSO4 1 x 10~5m and NaCl 0.5%, in a 200ml Erlenmeyer flask. Cultivation was carried out for 4 days at 30°C on a rotary shaker at 150rpm. The enzyme was produced extracellularly. Cells were removed by centrifugation (7,000 rpm, 5min) and the resultant supernatant was used as the material for purification of the enzyme.
Purification of the enzyme. To 250 ml of the supernatant, 150ml eacrrof 0.4m CaCl2 and 0.4m Na2HPO4solutions was added dropwise with stirring. The resultant precipitate was collected by filtration (Toyo filter paper No. 2) and washed with distilled water, and then the adsorbed enzyme was eluted with 200ml of 0.5 m KH2PO4solution. To the extracted enzymesolution, ammonium sulfate was added to 70% saturation. The precipitate was collected, dissolved in distilled water and then dialyzed against 2.5 x 10~3M Tris-HCl buffer (pH 7.0). The dialysate was applied on a DEAE-Sepharose column (2.5 x 25cm) equilibrated with 2.5 x 10~3 m Tris-HCl buffer (pH 7.O.). The enzyme was recovered as the nonadsorbed fraction, eluted with the same buffer and then concentrated with a membrane filter (Amicon UM10).
The enzyme solution from the previous stage was applied on a Bio-gel A-1.5m column (1.5 x 88cm) equilibrated with 2.5x 10~3m Tris-HCl buffer (pH 7.0) and then eluted with the same buffer. The enzyme fraction was collected, concentrated and then further purified on the same column.
Molecular weight estimation. The molecular weight of the enyme was estimated by the Sephadex G-200
(1.5 x 88cm) filtration method according to Andrews.10)
The column was equilibrated with 2.5 x 10~3 m Tris-HCl buffer (pH 7.0). After application of the purified enzyme on the column, it was eluted with the same buffer at flow rate of lOml/hr. The elution of standard proteins was carried out in the same manner.
Assaying ofpullulanase. Pullulanase activity was measured in a 1 ml reaction mixture containing 0.5ml of 1% pullulan in 0.1 m phosphate bufer (pH 7.0) and the enzyme solution. The reaction was carried out for lOmin at 40°C, and the reducing sugar formed was determined by the One unit of the enzyme was defined as the amount of enzymethat produced reducing sugar corresponding to one jumol of glucose from pullulan in one min under the assay conditions.
Assaying of amylase. Amylase activity was measured in a l ml reaction mixture containing 0.5ml of.2% soluble starch in 0.1 m phosphate buffer (pH 7.0) and the enzyme solution. The reaction was carried out for 10min at 40°C, and the reducing sugar formed was detrmined by the Somogyi-Nelson method.
One unit of the enzyme was defined as the amount of enzyme that produced reducing sugar corresponding to one jumol of glucose from soluble starch in one min under the assay conditions.
Paper chromatography. Paper chromatography for detection of sugar in the hydrolysates was carried out as described in the previous paper by the author.13) Liquid chromatogaphy. The sugar constituents of the hydrolysate of pullulan or starch with the enzyme were determined by high-performance liquid chromatography on a Shodex S-801 column maintained at 60°C. The elution of sugars was carried out with distilled water, with detection with a differential refractometer (Shodex SE-1 1). The strain was tentatively named Table II shows the results of purification of the pullulanase-amylase complex enzyme from B. subtilis TU. The culture filtrate contained an amylase activity in addition to the pullulanase activity. During the purification, the pullulanase activity was always accompanied by a portion, of the amylase activity. The ratio of these two enzymeactivities was constant at each of purification steps 3 to 6, and both activities could not be separated by the purification procedures tested so far. A, amylase activity; P. pullulanase activity. (B) Electrophoresis was carried out at a constant current of 7mAper tube for 50min on polyacrylamide gel (acrylamide 4.7%, N,N'-methylenebisacrylamide 2.6%), pH 9.5. amylase activity.
II. Purification of the enzyme
The results of disc electrophoresis of the purified enzyme are shown in Fig. 2 . the purified enzyme slightly migrated from the starting point, and protein bands other than that of the enzyme were not detected. Figure 3 shows the results of ultracentrifugation of the purified enzyme. The enzyme appeared to be homogeneous on ultracentrifugation. Molecular weight estimation. The molecular weight of the enzyme was estimated by the Sephadex G-200 filtration method. The result obtained is shown in Fig. 4 . The molecular weight of the enzyme was estimated to be about 450,000. III. Properties of the enzyme Effect of pH and temperature on the enzyme activities. Figure 5 shows the effects of pH on the pullulanase and amylase activities of the enzyme. The optimum pH of the pullulanase activity was observed at pH 7.0~7.5 with a discernible shoulder at around pH 5.0. On the other hand, the optimum pH of the amylase activity was pH 6~7. The optimum temperatures of the pullulanase and amylase activities were observed at about 60°C and about 50°C, respectively, as shown in Fig. 6 . Figure 6 also shows the effect of temperature on the enzyme stability in the absence of a substrate. There was no significant difference in the thermostabilities of the two enzyme activities.
The presence of calcium ions protected both the enzyme activities.
Action pattern of the enzyme. Figure 7 shows the paper chromatogramsof the products produced through the action of the enzyme on pullulan, amylose (DP= 100) and soluble starch. From the initial stage of the reaction, maltotriose was formed from pullulan as the sole main product. On the other hand, both maltose and maltotriose were formed from amylose and soluble starch as the main products. (B) -O-, heat stability of the pullulanase activity (the enzyme solution (1.31 units/ml) in 5 x 10"2m Tris buffer (pH 7.0) was heated for lOmin at various temperatures, as indicated, and then the residual enzyme activity was measured); -#-, calcium chloride (1 x 10~2 m) was added to the above mixture during the heat treatment and the residual pullulanase activity was measured; -å¡-, heat stability of the amylase activity {the enzyme solution (2. 35 units/ml) in 5x 10"2m Tris buffer (pH 7.0) was heated for lOmin at various temperatures, as indicated, and then the residual enzyme activity was measured}; -å -, calcium chloride (1 x 10"2m) was added to the above mixture during the heat treatment and then the residual amylase activity was measured.
The enzyme action on pullulan, potato starch or maltotriose quantitatively investigated by means of liquid chromatography. The time course of hydrolysis of pullulan by the enzyme is shown in Fig. 8 . Pullulan was almost completely hydrolyzed to maltotriose. A reaction mixture containing 10mg of the substrate (pullulan, amylose (DP= 100) or soluble starch), 2x 10~2mTris buffer (pH 7.0) and 1.6x 10"1 units of the enzyme (as pullulanase) in a total volume of 1 ml was incubated at 40°C. Substrates: (A) pullulan; (B) amylose (DP= 100); (C) soluble starch. However, after an amount of maltotriose equivalent to a yield of 50~55% had been accumulated, maltotriose gradually decreased and maltose gradually increased. This phenomenonwas seen to be closely similar to var. mycoides, and amylases known so far, it is thought that the enzymefrom B. subtilis TU might be a kind of composite enzyme. The enzyme produced maltose from maltotriose without the appreciable formation of glucose. This phenomenon seemed to be similar to that found in the case of an amylase from Streptomyces praecox NA-273,19) although the amylase produces maltose from starch as the sole final product.
